Bile acids have many activities over and above their primary function in aiding absorption of fat and fat soluble vitamins. Bile acids are synthesized from cholesterol, and thus are involved in cholesterol homeostasis. Bile acids stimulate glucagon-like peptide 1 (GLP1) production in the distal small bowel and colon, stimulating insulin secretion, and therefore, are involved in carbohydrate and fat metabolism. Bile acids through their insulin sensitising effect play a part in insulin resistance and type 2 diabetes. Bile acid metabolism is altered in obesity and diabetes. Both dietary restriction and weight loss due to bariatric surgery, alter the lipid carbohydrate and bile acid metabolism. Recent research suggests that the forkhead transcription factor FOXO is a central regulator of bile, lipid, and carbohydrate metabolism, but conflicting studies mean that our understanding of the complexity is not yet complete.
INTRODUCTION
Bile acids are instrumental in solubilising dietary fat to allow intestinal absorption. Bile acids are synthesized in the liver from cholesterol, thus bile acid synthesis is a regulator of body cholesterol. The primary bile acids are chenodeoxycholic acid and cholic acid, which become conjugated in the human liver to taurine or glycine. The conjugated bile acids have a hydrophilic and hydrophobic moiety, which enables them to solubilize fat for absorption. Only the short chain fatty acids are amenable to absorption without the aid of bile acids. The primary bile acids are actively re-absorbed in the distal ileum and recycled, but those that escape re-absorption are de-conjugated to deoxycholic acid and lithocholic acid by colonic bacteria -mostly the bacteroides species -and reabsorbed through the portal system [1] . Ursodeoxycholic acid makes up about 3% of the total bile acids and has anti-inflammatory properties that have been used in hepatitis and bile acid reflux conditions [2] .
As shown in Figure 1 , diversion of the biosynthetic pathway of cholesterol to bile has been utilized to lower cholesterol through up-regulation of cholesterol 7 alpha hydroxylase, the rate limiting enzyme. The bile salts are excreted by the liver into the gall bladder, an organ, the contraction of which is regulated both by hormones and the autonomic nervous system [3] .
BILE ACID TOXICITY
The toxicity of deoxycholic acid continues to interest scientists [4] . Deoxycholic acid modulates cell death through the changes in mitochondrial membrane properties. Cholestasis is associated with hepatitis and both hepatocyte and bile duct cell death through apoptosis, and in higher concentrations, by necrosis [5] [6] [7] . Deoxycholic acid is hydrophobic, but ursodeoxycholic acid, which is highly hydrophilic, inhibits apoptosis. Souswa et al. [4] have shown that deoxycholic acid causes its apoptotic effect through disruption of the mitochondrial outer membrane an effect not caused by ursodeoxycholic acid.
Oesophageal cancer is, alas, a devastating disease. Bile acid reflux is thought to play an important part in its aetiology.
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Abdel-Latif et al. [8] have shown that ursodeoxycholic inhibits deoxycholic acid-induced signalling pathways in oesophageal cancer cells through the inhibition of deoxycholic acid's ability to induce NF-kB and activator protein-1 COX 2 promoter. The authors suggest that this pathway inhibition may possibly account for the chemopreventive actions of ursodeoxycholic acid in oesophageal carcinogenesis.
BILE ACID-ACTIVATED RECEPTORS
Bile acids have other properties. There are a number of bile acid-activated receptors, including farsinoid X receptor (FXR). Bile acid activation of FXR in the intestine stimulates synthesis of fibroblast growth factor (FGF) 15/19, which is involved in lipid and carbohydrate metabolism. FXR, through its downstream effect on FGF, is important in maintaining normolipidaemia, normoglycaemia, and bile acid homeostasis [9, 10] . FGF inhibits CYP7A1 expression, the first step in the conversion of cholesterol to bile acids. Chenodeoxycholic acid for example increases LDL through this pathway [11] .
As shown in Figure 2 , the 12 α-hydroxylated bile acids are particularly associated with insulin resistance. Haeusler and Astiarraga [12] have shown in 200 non-diabetic and 35 patients with type 2 diabetes that 12 α-hydroxylated/ non-12 α-hydroxylated bile acid ratio was associated with the key features of insulin resistance, including higher insulin, proinsulin, glucose, glucagon, and triglycerides with lower HDL cholesterol. In type 2 diabetes, bile acids were nearly two-fold elevated and more hydrophobic than healthy subjects. In a previous animal paper, Hausler et al. [13] proposed that 12 α-hydroxylated products of bile acid metabolism represented a signalling mechanism, linking the hepatic lipid abnormalities with type 2 diabetes. They showed that a deficiency of 12 α-hydroxylated bile acids and their synthetic enzyme CYP8B1 hinder the triglyceride, lowering effects of FXR. More recently, Fang et al. [14] have shown that the bile acid release during a meal activates intestinal FXR. Up-regulating FXR with an intestinal agonist reduced diet-induced weight gain and hepatic glucose production while enhancing thermogenesis and browning of white adipose tissue. Other bile acid receptors include constitutive androstane receptor, pregnane X receptor, and Vitamin D receptor (for review, see Distrutti et al. 2015 [3] ).
G-PROTEIN-COUPLED RECEPTORS
The bile acids can also activate voltage and calcium-gated potassium channels. Bile acids also interact with tyrosine kinase-coupled receptors, causing the transactivation of epidermal growth factor receptor. The secondary bile acids activate G-protein-coupled receptors. Each bile acid interacts with more than one receptor [15] . G-proteincoupled bile acid receptor 1 (Gp-BAR1) is expressed mostly in the intestine and is involved in motility, inhibiting both peristalsis in the colon and gastric emptying [16, 17] . Katsuma et al. [18] have shown that bile acids promote glucagon-like peptide-1 (GLP-1) secretion through the bile receptor GpBAR-1 in a murine entero-endocrine cell line. GLP1 agonists are used in the treatment of type 2 diabetes because of their insulin-stimulating effect on the pancreatic B Cell, the inhibition of gastric emptying and the central effect on apatite inhibition, resulting in weight loss [19] . GLP-1 is secreted by L cells that are found in the distal ileum, colon, and rectum. Intrarectal taurocholate has been shown to increase L cells and insulin secretion [20] . The authors showed that the increase in GLP-1 was associated with an Osto et al. [21] have shown that in rats that Roux en Y gastric bypass down-regulates DPP-4
BARIATRIC SURGERY AND TYPE 2 DIABETES
Reversal of type 2 diabetes can occur rapidly with weight reduction [22] . Weight reduction may be achieved by calorie restriction, but for most patients an impossible dream. Bariatric surgery is an alternative with excellent results in most cases. The Roux en Y procedure is perhaps the most effective operation, but also has a potential problem in the creation of a blind loop [23] . Sleeve gastrectomy is another frequently performed operation, which does not have the disadvantage of the formation of a blind loop. However, the weight loss results are somewhat inferior at least in the short term. A recent study comparing different types of gastric bypass operations found little difference in outcome at 5 years when remission of diabetes was investigated and little difference in BMI at 5 years between gastric banding, sleeve gastrectomy, and Roux en Y operations, even though early improvements were the greatest for the Roux en Y group, but this advantage diminished with time [24] . A recent review of bariatric surgery in adolescent patients found little difference in weight reduction when Roux en Y was compared with sleeve gastrectomy [25] . The patients who had the Roux en Y procedure were the heaviest at the start with a mean BMI of 54 (52) (53) (54) (55) , whereas the sleeve gastrectomy subjects had a mean BMI of 50 (48) (49) (50) (51) (52) . The percent change was 28 for the Roux en Y as compared to 26 for the sleeve gastrectomy operation. Comparing complications following the operations is difficult, but it seems as if sleeve gastrectomy is the safer procedure. The event rate of intra-abdominal operations for the Roux en Y was 38/300 person years and 15.4 for the sleeve gastrectomy operation. Sleeve gastrectomy has been shown to alter the bile acid profile and reduce primary bile acids and increase secondary bile acids [26] . An improvement in insulin resistance and diabetic control may, in part, be due to alteration of the bile acid composition with stimulation of GLP-1. Following Roux-en Y gastric bypass, total bile acids increased after 1 month due to an increase in secondary bile acids. At 24 months, there was an increase in both primary unconjugated bile acids as well as secondary deoxycholate conjugated with glycine. The authors suggest that the changes were bacterially derived [27] .
EFFECT OF BILE ACIDS ON LIPID AND GLUCOSE METABOLISM
The increase in bile acids strongly correlates with the improvement in glucose and lipid metabolism [28, 29] . Interestingly, catheter-mediated bile diversion to the mid distal jejunum in rats induces weight loss, decreases adiposity, improves glucose tolerance, and increases circulating bile acids [30] . On the other hand, bile acid concentrations have been found to be increased in obese patients with type 2 diabetes [31] . Bariatric surgery was found to increase bile acids, but a hypocaloric diet, which induced similar weight loss, was associated with a reduction in the level of uncongugated bile acids [32] , suggesting that bile acid changes are not the main reason for improvement in glucose tolerance following gastric bypass operations. FXR activation of L cells in the ileum by the bile acids may be one mechanism involved in the improvement of diabetes [33] . On the other hand, microbiota convert primary bile acids into secondary bile acids, and it is the secondary bile acids that downregulate FXR most effectively [34] . This effect may, at least in part, modify the beneficial effect of bile acids on glucose and lipid metabolism in subjects who have had a Roux en Y operation and have developed an infected blind loop, and therefore, de-conjugation of bile salts higher up in the small bowel rather than in the colon [35] .
The incidence of infection in the blind loop in humans who have had Roux en Y operation has not been examined to our knowledge. The effect of Roux en Y bypass surgery on bile acid metabolism in normal and obese diabetic rats has recently been published [36] . This study was instigated following the reports that Roux en Y is associated with an increase in bile acids [37] [38] [39] [40] [41] . The authors investigated both a rat diabetic model (Zucker diabetic rat) and normoglycaemic Sprague Dawley rats. The study confirmed an increase in bile acids at day 28 post operation. No difference was found between the diabetic and non-diabetic rats. The changes, however, did not happen immediately, suggesting, according to the authors, that the early improvement in glucose metabolism was not related to the changes in bile, although there was a transient increase in fecal bile in the zucker rats, but by day 28, the fecal increase was no longer detectable. The non-diabetic rats had decreased fecal total bile acids. The authors conclude that the study suggested that the changes in bile acids are unlikely to mediate early weight independent improvements in glucose homeostasis The study found no evidence that the increase in bile acids was due to increased hepatic synthesis, nor did they find evidence from gene expression patterns, that increased re-absorption played a part in the increased plasma bile acids. Jorgensen and Dirksen [42] found in 13 type 2 and 12 normal glucose tolerant subjects, 1 week, 3 months, and 1 year after Roux en Y operation, total bile acids decreased in the normoglycaemic subjects, but were unchanged in the diabetic subjects at 1 week, but then increased in both groups with time after surgery. One week after the surgery, glucose metabolism improved as did the lipid pattern, GLP-1, and cholecystokinin. The authors concluded that the bile acids did not explain the rapid improvement in glucose and lipid metabolism or the stimulation of GLP-1. Temporal changes in bile acids and 12a-hydroxylation after Roux en Y operations have been recently reported by Dutia et al. [43] They found that fasting bile acids were generally reduced at 1 month, but increased after 2 years, whereas postprandial bile acids were unchanged at 1 month, but there was an exaggerated peak at 2 years. The ratio of 12a-hydroxylated bile acids to non 12a bile acids was increased at 2 years, but not at 1 month, again suggesting that an early improvement in glucose metabolism is unrelated to the changes in bile acids.
BILE ACIDS METABOLISM AND ENERGY EXPENDITURE
It has been suggested that bile acids may be involved in regulation of food intake. Prinz et al. [44] have shown that bile acids are negatively correlated with the cognitive restraint of eating in obese patients. The authors studied anorexia subjects who were underweight and compared them with the normal weight and obese patients who had BMI of 30-40 or 40-50 or >50. They found that bile acids had a positive correlation with BMI and a significant negative correlation with cognitive restraint of eating. In obese patients, it is possible that the mechanism might be through stimulation of GLP-1, but this was not measured in their paper. The energy expenditure has not been shown to increase after weight reduction due to hypocaloric diet with or without bariatric surgery [45] . Bile acids have, however, been shown in mice to increase energy expenditure by increasing UCP-1 expression, probably independent of adrenergic signalling [46, 47] .
An interesting recent paper investigates the role of bile acids in metabolic control in obese mouse model [35] . The study examined Roux en Y gastric bypass compared to diverting bile acids to either the jejunum or ileum on weight, adiposity, glucose homeostasis, and liver metabolism. The authors also examined the effect of the bile diversion on the gut microbiota profile. The analysis was of caecal rather than small bowel microbiota and the Roux en Y group were not examined. The ileal but not the jejunal bile diversion was associated with weight loss and reduction in calorie intake similar to the Roux en Y. Pair feeding revealed that the reduced calorie intake was not the only factor in the weight reduction that occurred with either the ileal diversion or Roux en Y. The ileal diversion was associated with a nearly 10 fold increase in conjugated bile acids tauro, omega, and beta muricholic acid, the latter being a secondary bile acid with strong FXR antagonism activity [34] . The ileal diversion resulted in improved insulin sensitivity similar to the Roux en Y group. As expected, the ileal bile diversion lowered cholesterol more than Roux en Y presumably due to malabsorption, even though the basolateral and apical ileal bile acid transporters in the ileum were increased and serum bile acids were also increased and both procedures resulted in fecal fat being increased. Bile acids have been shown to increase energy expenditure through TGR5 (also called GPBAR1)-mediated processes in both skeletal muscle and adipose tissue [48] [49] [50] . After adjustment for total body mass or fat free mass both the ileal diversion mice and the Roux en Y mice increased energy expenditure as compared to the control and jejunal diverted bile group.
The colonic bacteria were examined in the biliary diversion groups. Firmicutes were less represented and bacteriocides increased in the ileal diversion group, but not measured in the Roux en Y mice. Proteobacteria were also increased relative to the other two biliary diversion groups.
MICROBIOTA
The effects of surgical and dietary weight loss for obesity on gut microbiota composition and nutrient absorption have been reported recently [51] . Fecal sampling showed that the low calorie diet resulted in less changes than slieve gastrectomy, which changed the ratio of firmicutes/ bacteroidetes. The authors suggest that the changes are perhaps due to the differences in diet after the operation or very low calorie diet of the non-operated subjects. Kong et al. [52] examined gut microbiota after Roux en Y surgery, and found increased microbiota, 37% due to proteobacteria. They also found an increase in Bacteroides. However, it has been pointed out that fecal microbiota are a poor substitute for small bowel sampling if one is interested in bacterial alterations of bile in the small bowel [53] .
The blind loop syndrome is not new having been explored when Bilroth 11 operations or gastroenterostomy with vagotomy were so frequently done to cure duodenal ulcers. The metabolic effects of bacteria in the small bowel are considerable and include the deconjugation of bile salts and the production of secondary bile acids. Many years ago, we showed the toxic effects of deoxycholic acid on rat intestinal mucosa [54] . Bacterial overgrowth is associated with Vitamin B12 deficiency, but also with an increased bile acid excretion since secondary bile acids are not actively reabsorbed in the distal ileum. Diabetic patents who have severe autonomic neuropathy may present with severe diarrhoea [55] . This may be due alteration in bile acid metabolism, causing choleric diarrhoea. We showed that these patients have an increased bile salt pool size with alteration in bile salt composition. Cholestyramine, a bile acid sequestrant, has sometimes been successful in treating the condition [56] .
BILE ACIDS, STEATOHEPATITIS, AND BILOPANCREATIC DIVERSION
Diabetes and obesity are common bed fellows, and nonalcoholic steatohepatitis (NASH) is an alarming association because of the progression to cirrhosis. It has been shown that patients with NASH have higher serum total bile acids due to both primary and also the more toxic, secondary bile acids conjugated with glycine and taurine. Exposure to these higher levels might play a part in the development of fatty liver disease and steatohepatitis [57] . It is reassuring that weight reduction clears hepatic fatty infiltration rapidly whether the weight reduction is due to surgical intervention or dietary restriction alone [22, 58] .
Ferrinini et al. [59] have investigated bile acid synthesis and deconjugation after bilopancreatic diversion with the thesis that this surgical intervention has the strongest effect on weight loss and the highest frequency of type 2 diabetes resolution. They studied morbidly obese and overweight diabetic patients undergoing Roux en Y operations or biliopancreatic diversion surgery. They studied the patients before the surgery, 2-10 weeks after surgery and again 1-2 years later. Insulin sensitivity improved in all three groups. In the Roux en Y group, the improvement in insulin sensitivity was in proportion to weight loss, whereas in the biliary pancreatic diversion group, the insulin sensitivity peaked earlier and did not seem to be related to weight loss. Cholesterol halved at 7 weeks in the biliary pancreatic diversion group. Plasma bile acids increased in all groups, but conjugated more than unconjugated in the Roux en Y group, whereas the pattern was the opposite in the pancreaticobiliary diversion group. The markers of bile acid synthesis were not increased in the Roux en Y patients, but markedly increased in the biliary pancreatic group. The study explains the LDL lowering effect of the diversion operation, but does not help to understand the improvement in insulin sensitivity. As the authors suggest, the study indicates that further studies may help to understand the impact of bariatric surgery on glucose and lipid metabolism.
THE FORKHEAD BOX PROTEINS (FOXO)
The forkhead box proteins (FOXO) have provided a link between glucose and lipid metabolism in the liver. These transcription factors (isoforms 1 3a 4 and 6) have provided an explanation as to the way glucose and lipid metabolism interact and how the fuel storage system works to provide energy fasting or after a meal [60, 61] . FOXO is the switch mechanism, which either promotes hepatic glucose production by stimulating glucose-6-phosphatase, the rate limiting enzyme in hepatic glycogenolysis or switches to lipid metabolism. In diabetes, a reduction in FOXO leads to a reduction in glycogenolysis and an increase in hepatic glucose output. In studies in mice, the deletion of FOXO1 and FOXO3 decreased blood glucose, elevated serum triglyceride, and cholesterol. The deletion increased hepatic lipid secretion and caused hepatosteatosis, demonstrating the powerful effect of FOXO on switching energy utilization from glucose to lipid [62, 63] . Bile acid synthesis has been shown to be controlled by FOXO. Haeusler et al. [13] have shown that FOXO1 deletion is associated with raised triglycerides and a reduction in 12 α-hydroxylated bile acids with a reduction in the gene regulating Cyp8b1, which encodes the 12 α-hydroxylase enzyme. This suggests a link between bile acid regulation and lipid and glucose metabolism. Bile acid sequestrants reduce glucose and cholesterol levels in type 2 diabetes [64] .
Insulin resistance is associated with increased plasma levels of 12 α-hydroxylated bile acids [12] . Bile acids are increased after bariatric surgery, but not after a hypocaloric diet [31] . The exciting work by Fang et al. [14] shows that the bile acid release during a meal selectively activates the intestinal FXR. They showed that the intestinal FXR agonist fexaramine induces FGF 15, leading to alterations in bile acid composition, reduced diet-induced weight gain, and hepatic glucose production, while enhancing thermogenesis and browning of white adipose tissue. The absence of FXR has been shown to decrease the benefit of bariatric surgery on weight loss and glucose tolerance [12] . This is in keeping with the results of bile diversion to the distal small intestine, which also results in improved weight loss, glucose tolerance, and hepatic steatosis through a 10-fold increase in bile acids. The FGF15 expression was decreased [35] . Gastric bypass operations reduced FOXO1 in the liver in diabetic rats but also in the pancreatic B cell, raising the possibility that this regulator in the pancreas may also be in part a cause of the improvement in glucose tolerance [65, 66] .
CONCLUSION
In conclusion, the knowledge of the role of bile acids in the metabolism of cholesterol and also of triglycerides has expanded. Important recent observations now link dysregulation of bile acid metabolism to dyslipidaemia, insulin resistance, and diabetes. The discovery of the FOXOs has been important in delivering a unified mechanism to understand the metabolic dysregulation that occurs in obesity and type 2 diabetes. Bariatric surgery has stimulated a lot of research in this area since it is so effective in causing weight reduction and reversing diabetes.
